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Abstract
We study the fusion processes W−W+ → tt¯ and ZZ → tt¯ observable at a future
e−e+ collider and we discuss their sensitivity to an Htt form factor which may be due to
compositeness, in particular when the H and the top quark have common constituents.
We make an amplitude analysis and illustrate which helicity amplitudes and cross sections
for specific final tt¯ polarizations are especially sensitive to this form factor.
PACS numbers: 12.15.-y, 12.60.-i, 14.80.-j
1 Introduction
The peculiar structure of the standard fermion flavours and of the gauge and Higgs bosons
has motivated the search for several types of explanations [1]. Among them one has the
possibility of compositeness of particles up to now considered as elementary [2]. The
particularly heavy mass of the top quark has suggested that the correspondingly large
Higgs-top coupling may be due to Higgs and (possibly partial) top compositeness [3, 4, 5].
If the Higgs boson and the top quark are (even partially) composite, they should both
have a form factor. If in addition their constituents are common and do not interact
strongly with a vector boson V (with V = γ, Z,W ), the top quark form factor would not
be observed in the usual V tt coupling. In such a case only the Htt form factor could be
the right place for the observation of these structures.
But how can we reach the Htt form factor? Simply through a process where either
one top or the H is far off shell, with a variable q2. This is a prospect which differs from
the search of anomalous H couplings with on-shell H .
Which process would be suitable for the observation of such an Htt q2 dependence? A
final Htt¯ state (like in e−e+ → Htt¯) would not be a priori adequate, the final H being on
shell. One should for example look for a process with an intermediate H with a variable
q2 and a final tt¯ pair.
At a muon collider, the process µ−µ+ → H → tt¯ would be the simplest one for this
purpose, but it is too weak as compared to µ−µ+ → V → tt¯, which completely dominates
the tt¯ production data. At LHC gg → H → tt¯ is also too weak as compared to other
(pure QCD) gg → tt¯ contributions.
We have therefore considered the fusion processes W−W+, ZZ → tt¯ which contain
the W−W+, ZZ → H → tt¯ contributions. In the Standard Model (SM), these fusion
processes have been studied for a long time [6, 7, 8]. But now we want to see the influence
of a modification of the Higgs boson exchange term, in particular through a form factor.
We have therefore recomputed the W−W+, ZZ → tt¯ amplitudes including, in addition
to the (W−W+, ZZ) → H → tt¯ contribution, the corresponding b, t exchanges in t or
u channels, and the photon and Z exchanges in the s channel. In SM they are all of
comparable size.
We have studied the sensitivity of these fusion processes to the H contribution, es-
pecially when there is a q2-dependent departure from the pointlike SM Htt coupling. In
fact this applies also to a more general situation in which the products gHWWgHtt and
gHZZgHtt get a q
2-dependence.
Using these, a peculiar sensitivity appears when the initial vector bosons W−W+
or ZZ are both longitudinal (LL), because of the famous gauge cancellations at high
energies, which are now perturbed by Higgs boson form factors. In order to appreciate
the importance of this effect, we illustrate the behavior of the various amplitudes and cross
sections for transverse or longitudinal gauge bosons and for polarized or unpolarized final
tt¯ states. We insist on the importance of separating the various final state polarizations,
in order to identify the origin of a possible departure from the SM prediction.
In these illustrations we compare the SM case with pointlike H couplings, to some
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examples of q2-dependence. In order to be quantitatively significative of a form factor
effect (and not simply of a change of normalization due to an anomalous coupling) these
examples are constrained to coincide at q2 = m2H with the SM value. Moreover, they
should also satisfy the high energy cancellation of LL amplitudes. We use effective forms
satisfying these two requirements.
Such fusion processes can be observed at a future [9] e−e+ collider in e−e+ → νν¯tt¯ and
e−e+ → e+e−tt¯. The corresponding cross sections can be easily obtained by integrating
the subprocesses with the luminosity factors given by the leading effective weak boson
approximation (LEWA). In the illustrations we use the luminosity factors of [7] and [10]
(where the possibility of polarized e−e+ beams has also been considered, which though
does not seem to help for increasing the sensitivity to the Htt form factor).
In the e−e+ → e−e+tt¯ case we add to the ZZ → tt¯ subprocess, the background
contributions of the γγ → tt¯, γZ → tt¯, Zγ → tt¯ subprocesses, which do not contain H
effects.
These fusion processes also occur at LHC but with large backgrounds such that special
studies should be done with careful detection characteristics.
In Sec. II we treat the W−W+ → tt¯ and ZZ → tt¯ processes in SM. In Sec. III we de-
scribe possible expressions for theHtt form factor. In Sec. IV we discuss and illustrate the
behavior of the various amplitudes and cross sections and their sensitivity to the Htt form
factor. In Sec. V we summarize our comments and list possible improvements and devel-
opments. An Appendix collects the explicit expressions of the various helicity amplitudes.
2 SM analysis of W−W+ → tt¯ and ZZ → tt¯.
We express the amplitudes
W−(ǫ, λ, l) +W+(ǫ′, λ′, l′)→ t(τ, p) + t¯(τ ′, p′) , (1)
in terms of the W∓ polarization vectors, helicities and momenta respectively denoted as
(ǫ, λ, l) and (ǫ′, λ′, l′); as well as the t, t¯ helicities and momenta denoted as (τ, p) and (τ ′, p′)
(see the Appendix). By θ we denote the center of mass angle between the W−(ǫ, λ, l) and
t(τ, p) directions of motion, and we also define
s = q2 = (l + l′)2 = (p+ p′)2 ,
t = q2t = (l − p)2 = (l′ − p′)2 , u = q2u = (l′ − p)2 = (l − p′)2 . (2)
The Born level amplitude is written as
A = AWWu + A
WW
s,γ + A
WW
s,Z + A
WW
s,H , (3)
in terms of the four diagrammatic contributions induced by
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the u-channel bottom exchange
AWWu =
−e2gLWtb
q2u −m2b
u¯(t)[/ǫ′PL(/qu +mb)/ǫPL]v(t¯) , (4)
with gLWtb = 1/(sW
√
2) ,
the s-channel V = γ, Z exchange
AWWs,V =
−e2gV
s−m2V + imV ΓV
u¯(t)[2(ǫ.l′)/ǫ′ +2(ǫ.l)/ǫ− (ǫ.ǫ′)(/l′− /l)](gLV tPL+ gRV tPR)v(t¯) , (5)
with
gγ = 1 , gZ =
cW
sW
, gLγt = g
R
γt =
2
3
, gLZt =
1
2sW cW
(
1− 4s
3
W
3
)
, gRZt = −
2sW
3cW
, (6)
and s-channel H exchange
AWWs,H =
−e2gHWWgHtt
s−m2H + imHΓH
(ǫ.ǫ′)[u¯(t)v(t¯)] , (7)
with
gHtt = − mt
2sWmW
, gHWW =
mW
sW
.
The 36 helicity amplitudes Fλ,λ′,τ,τ ′(s, θ) implied by (3), are listed in the Appendix
using the standard forms of Dirac spinors and vector boson helicities1 [11]. These contain
the 10 helicity conserving (HC) amplitudes which satisfy the rule [12] λ + λ′ = τ + τ ′,
and the 26 helicity violating (HV) ones which violate it. Only 6 of them contain an H
exchange contribution. Note that CP conservation imposes the relation
Fλ,λ′,τ,τ ′(s, θ) = F−λ′,−λ,−τ ′,−τ(s, θ) . (8)
In terms of the aforementioned helicity amplitudes, the cross sections for specific
W−,W+ and t, t¯ helicities are written as
dσ(W−λ W
+
λ′ → tτ t¯τ ′)
d cos θ
=
3pt
32πlWs
|Fλ,λ′,τ,τ ′(s, θ)|2 , (9)
involving (2) and the magnitudes of the t and W c.m. momenta
pt =
√
s
4
−m2t , lW =
√
s
4
−m2W . (10)
1The transverse (T) λ, λ′ = −1,+1 and longitudinal (L) λ, λ′ = 0 helicities are obtained from the
corresponding W∓ polarization vectors ǫ, ǫ′.
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We next turn to the corresponding cross sections for e−e+ → νν¯tt¯ obtained by multi-
plying each (λ, λ′) contribution to (9) by the corresponding luminosity factor
Lλ,λ′(y) =
∫
1
y
dx
x
fW−,λ(x)fW+,λ′
(y
x
)
, (11)
computed with the W∓ distribution functions as given in [7, 10], with y = s/(4E2) and
E being the c.m. e∓ beam energy. The integration limits (y, 1) can be modified to
(xmin, xmax) when kinematical detection cuts are applied. As in the parton model, in the
leading approximation the W∓ vector bosons are emitted along the (e−, e+) axis, so that
the final (t, t¯) direction in their center of mass is also given by the same angle θ, as the
one defined just before (2).
The e−e+ cross sections
dσe−e+(τ, τ
′)
dyd cos θ
=
∑
λ,λ′
Lλ,λ′(y)
dσ(W−λ W
+
λ′ → tτ t¯τ ′)
d cos θ
, (12)
are also computed for specific final t, t¯ polarizations or, by summing them, for an unpo-
larized final state.
For the ZZ → tt¯ process, the notation is the same as for W−W+. Explicitly, we now
have
Z(ǫ, λ, l) + Z(ǫ′, λ′, l′)→ t(τ, p) + t¯(τ ′, p′) , (13)
but different diagrams now occur involving no s-channel (γ, Z) exchange, but both u- and
t-channel top exchange contributions given by
AZZu =
−e2
q2u −m2t
u¯(t)[/ǫ′(gLZtPL + g
R
ZtPR)(/qu +mt)/ǫ(g
L
ZtPL + g
R
ZtPR)]v(t¯) ,
AZZt =
−e2
q2t −m2t
u¯(t)[/ǫ(gLZtPL + g
R
ZtPR)(/qt +mt)/ǫ
′(gLZtPL + g
R
ZtPR)]v(t¯) , (14)
as well as s-channel H exchange contributions
AZZs,H =
−e2gHZZgHtt
s−m2H + imHΓH
(ǫ.ǫ′)[u¯(t)v(t¯)] , (15)
involving gHtt = −mt/(2sWmW ) , gHZZ = mZ/(sW cW ).
The above u− and t-channel top exchange expressions are also used for describing
the γγ → tt¯, γZ → tt¯, Zγ → tt¯ processes, by adapting the gL,RZt couplings in (6). These
processes do not involve theH exchange diagram and theHtt form factor. They constitute
a background to be added to ZZ → tt¯, when we consider the e+e− → e+e−tt¯ process.
The corresponding e−e+ → e−e+tt¯ cross section is obtained as in the previous W−W+
case and (11) and (12), by using the Z and γ distribution functions also given in [7, 10].
In the present work we give results with and without the γγ → tt¯, γZ → tt¯, Zγ → tt¯
backgrounds.
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3 Higgs boson form factor effects
The simplest Higgs boson form factor effect comes through the products of couplings
gHWWgHtt, gHZZgHtt in (7) and (15), when they get an anomalous q
2 dependence. This
may simply be due to the presence of an Htt form factor in gHtt, or to the simultaneous
presence of Htt and of HWW , HZZ form factors.
Let us first insist on the difference between such a form factor effect and the presence
of anomalous couplings. Anomalous couplings are usually described by effective high
dimension operators generated by new interactions with a new physics scale Λ higher
than the available energy. In the case of Htt see for example [13]. The effect of each
of such operators is a departure from the SM couplings already appearing on shell and
behaving like powers of q2/Λ2.
Our form factor description of compositeness effects assumes that the on-shell SM
value is reproduced by the compositeness structure, but that a complete q2 dependence
is generated even within the new physics domain. It could possibly be described by an
involved sum of effective operators with different dimensions.
As we only study the observability of effects of the presence of a form factor, and not
of a single anomalous coupling modifying the SM on-shell value of the coupling, we use
an effective form factor generating some q2 dependence, but imposing the SM value at
q2 = m2H .
In the spirit of compositeness, a typical q2 dependence of the Htt vertex may be
given by an STS or a TST triangular loop (where S and T are new scalar or fermion
constituents of mass m).
The crude result, imposing the SM normalization value at q2 = m2H to the product of
couplings, would be
g0Htt(q
2) = gSMHtt
C(q2)
C(m2H)
, (16)
where in the STS case we have
C(q2) = mt(C0(q
2) + C12(q
2)− C11(q2)) +mC0(q2) , (17)
in terms of Passarino-Veltman functions [14], while in the TST case we have
C(q2) = κ(q2) + q2C12(q
2) +m2C0(q
2) + 2mtm(C12(q
2)− C11(q2)) ,
κ(q2) = m2t (C21(q
2) + C22(q
2))− 2C23(q2)) + q2C23(q2) + 4Cr24(q2) , (18)
where Cr24(q
2) is a divergence free quantity (for example as given by the SRS scheme [15]).
However such choices would destroy the cancellation of LL amplitudes at high (s, t, u)-
values, so that they cannot correspond to a viable model. There are various ways to
recover the cancellation. They may for example depend on the assumption of partial or
total fermion compositeness, in addition to Higgs compositeness. This will correspond-
ingly affect the b, t and V exchanges and/or H exchange amplitudes. In any case these
additional contributions should combine with the contribution involving the Higgs form
factor in such a way that the total satisfies unitarity, i.e. does not explode at high energy.
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There may be various such acceptable results which would quantitatively differ from the
standard case. The minimal change would correspond to an effective value which becomes
similar to the SM one at high q2. As our aim is only to study the sensitivity of the con-
sidered processes to the occurrence of form factors, we choose an arbitrary effective q2
expression which satisfies the above minimal requirement. Any other choice should give
larger differences with the SM prediction.
One example is
geffHtt(q
2) = gSMHtt
{
C(q2)
C(m2H)
+
q2 −m2H
q2 + 4m2
(1− C(q
2)
C(m2H)
)
}
, (19)
where either (17) or (18) are used, respectively producing the STS and TST effective
model variations.
Another (trivial) possibility could be the occurrence of one (or more) resonance (H ′),
located at intermediate q2 values. The corresponding contribution
AWW,ZZs,H′ =
−e2gH′XXgH′tt
q2 −m2H′ + imH′ΓH′
(ǫ.ǫ′)[u¯(t)v(t¯)] , (20)
with X =W or Z, corresponds to a form factor effect written as
geffHtt(q
2) = gHtt + gH′tt
gH′XX(q
2 −m2H + imHΓH)
gHXX(q2 −m2H′ + imH′ΓH′)
, (21)
and satisfying the constraint
gHttgHXX + gH′ttgH′XX = g
SM
Htt g
SM
HXX , (22)
so that the high energy cancellation is obeyed.
The shapes of the Re and Im parts of such form factors are shown in Figs. 1(a) and
(b) where we have arbitrarily chosen three examples: the crude STS case based on (16)
and (17), the effective case based on (17) and (19), both with a constituent mass m = 0.5
TeV, and the resonance case based on (20) and the mass-choice2 mH′ = 0.75 TeV. In these
figures, one can see in particular the differences of the high energy behavior in both real
[Fig.1(a)] and imaginary [Fig.1(b)] parts of the form factor. The corresponding effects in
amplitudes and cross sections are illustrated below.
4 Properties of amplitudes and cross sections.
The basic results for total SM cross sections have been given in [7]. Here we present a
detailed amplitude analysis, in order to provide an understanding of the modifications
resulting from the presence of new q2 dependencies in the H exchange term.
2This choice was initiated by a signal seen in the 2015 data [16, 17], which meanwhile has disappeared
[18]. In any case though it may still be used as an example.
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4.1 The W−λ W
+
λ′ → tτ t¯τ ′ process.
We discuss separately the pure transverse (TT), the mixed (TL, LT) and the pure longi-
tudinal (LL) amplitudes. Since in SM there are specific strong cancellations between the
various terms contributing to the (TL, LT) and to the (LL) amplitudes, they correctly
behave at high energy.
During this analysis we also check the helicity conservation rule valid in SM at tree
level [12], but not in the presence of arbitrary form factors.
The ten HC amplitudes are
F−+−+, F−++−, F+−−+, F+−+−, F0−−− = F+0++, F−0−− = F0+++, F00−+, F00+− , (23)
while the 26 HV ones, which are suppressed at high energy in the pure SM case, are
F−−−+ = F++−+, F−−+− = F+++−, F−+−− = F−+++ = F+−−− = F+−++,
F0−++ = F+0−−, F0−−+ = F+0−+, F0−+− = F+0+−, F−0++ = F0+−−,
F−0−+ = F0+−+ , F−0+− = F0++− , (24)
F−−−− = F++++ , F−−++ = F++−− , F00++ = F00−− . (25)
Figure 2 presents the HC amplitudes (23) in the upper panels, while the HV amplitudes
of (24) are shown in the lower panels. The left panels refer to TT W−W+, while right
panels always involve at least one longitudinal W∓. Both of these sets do not involve any
s-channel H exchange, so there is no effect of the form factor. At high energy the HC
amplitudes have weak energy dependencies and no or negligible imaginary parts. The
leading ones are F−+−+, F+−−+, F0−−− = F+0++ and F00−+, with a high energy limiting
absolute value of the order of 0.05 to 0.6. Concerning particularly F00−+, F00+−, we note
that they acquire their high energy magnitude after a strong cancellation between the
u-channel bottom exchange and s-channel γ, Z exchange contributions. We also note that
the HV amplitudes in the lower panels of Fig.2, involve high energy cancellations among a
u-channel bottom exchange and an s-channel γ, Z exchange, and decrease with the energy.
These HV amplitudes are smaller than the HC ones shown in the upper panels.
We next turn to the six HV amplitudes appearing in (25), which are the only ones
receiving anH exchange contribution, and being therefore sensitive to theHtt form factor.
These are shown in Fig.3, where the standard amplitudes involving the SM pointlike Htt
coupling, are compared to those induced by the examples of anomalous Htt form factors
shown in Fig.1. These H sensitive amplitudes are of variable size. The four (TT) ones
listed in the upper and middle panels of Fig.3, are almost 10 times smaller than the
leading ”no H” ones shown in Fig.2.
The two (LL) ones, appearing in the lower panels of Fig.3, can reach much larger
values. One can see the specific energy dependencies in the effective and resonance cases.
Imaginary parts may be important above the ”new” threshold or around the resonance.
The sensitivity of the four (TT) amplitudes to the Htt form factor is not as strong as the
sensitivity of the two (LL) ones. The chosen form factor leads to modifications of these
amplitudes for s & (m2, m2H′) (the new scale) and mostly at higher energies, although
they satisfy the cancellation at very high energies.
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In addition to the modification of the amplitudes around (m2, m2H′) by the form factor
effect, a strong absence of cancellation effect would appear at high energy in the crude STS
form factor choice. With the other choice (the ”effective” one satisfying the cancellation
constraint) there still remains a strong departure from the SM prediction. So these LL am-
plitudes, F00++ = F00−−, are the clearest source of large sensitivity to the Htt form factor.
Form factor sensitivity of the dσ(e−e+ → νν¯tτ t¯τ ′)/d cos θ cross sections: These
cross sections would reflect the above amplitude properties. In this case, for each final
tτ t¯τ ′ polarization, we have to sum the different W
−
λ W
+
λ′ initial state contributions, each
probability being multiplied by the corresponding luminosity (11). This sum involves all
HV and HC amplitudes, even those which do not contain the H contribution, thereby
diminishing the relative size of the form factor effect. In Fig.4 we thus present the following
illustrations:
• In the upper panel we show the energy dependencies of the left-right (τ = −τ ′ =
−1/2) and right-left (τ = −τ ′ = 1/2) differential cross sections at θ = 60◦. There
exists no H contribution to these quantities.
• In the middle panels we show the left-left (τ = τ ′ = −1/2) and right-right τ = τ ′ =
1/2) differential cross sections, again at θ = 60◦.
• Finally, in the lower panels we give the energy (at θ = 60◦) and the angular (at√
s = 1TeV) dependencies, when the tt¯-helicities are not observed.
The results in the middle and lower panels of Fig.4 do depend in the Htt¯ form factor.
In them, one recognizes the strong threshold or resonance effects seen in the amplitudes
in Fig.3 around s ≃ (m2, m2H′) and higher energies.
As expected, the form factor effects in the lower panels of Fig.4 are somewhat smaller
than those in the middle panels, since the first also involve amplitudes insensitive to H .
In the right lower panel of Fig.4 we also show the angular dependence in the unpolar-
ized case at
√
s = 1 TeV. One can see that the H contribution gives an additional typical
constant angular dependence, which differs from the backward peaking of the dominating
u channel exchange. The effect is therefore mainly localized in the forward and central
domain.
Finally we have also computed the integrated cross sections for some examples of the
e∓ c.m. energy Ee, with the tt¯ invariant mass chosen larger than some minimal value√
s >
√
smin. In this case we have imposed an angular cut in order to eliminate the main
background coming from photon radiation, in agreement with the study of [19]. Thus
• for Ee = 1 TeV and √smin = 2mt or 1 TeV, one gets integrated cross sections of
0.10 or 0.03 fb in SM, and 6.1 or 0.17 fb in the presence of the form factor;
• while for Ee = 3 TeV and √smin = 2mt or 1 TeV, one gets integrated cross sections
of 3.8 or 1.2 fb in SM, and 72. or 5.8 fb in the presence of the form factor.
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These dependencies can easily be understood from the shapes of the corresponding
energy dependencies of the SM and the form factor effects shown in Fig.4. Accordingly, for
the energies of a future collider, (see for example Fig.1 of [20] and its Refs.[1-4] a luminosity
of 1035cm−2s−1 would give 102 to 105 events per year (depending on the energies and the
cuts) and a large observability of form factor effects.
4.2 The ZλZλ′ → tτ t¯τ ′ process.
The properties of the various helicity amplitudes for ZλZλ′ → tτ t¯τ ′ are globally similar to
those of the W−W+ case. The cancellations for longitudinal amplitudes are also similar
to those for W−W+, but it now occurs between the t and u channel top exchange (there
is no γ, Z exchange), and also with the s-channel H exchange in the F00++ = F00−− case.
These later amplitudes are the leading ones, with the larger sensitivity to the form factor.
Following a similar a procedure as for the previous case3, we present in Fig.5 the
insensitive to the H form factor amplitudes, with upper panels describing the tree level
SM HC amplitudes,
F−+−+, F−++−, F+−−+, F+−+−, F0−−− = F+0++, F−0−− = F0+++, F00−+ , (26)
and the lower panels showing the HV ones
F−−−+ = F++−+, F−−+− = F+++−, F−+−− = F−+++ = F+−−− = F+−++,
F0−++ = F+0−−, F0−−+ = F+0−+, F0−+− = F+0+−, F−0++ = F0+−−,
F−0−+ = F0+−+ , F−0+− = F0++− . (27)
The amplitudes in Fig.5 are all real.
Correspondingly, Fig.6 shows the three H-form factor sensitive amplitudes in
F−−−− = F++++ , F−−++ = F++−− , F00++ = F00−− , (28)
in the upper, middle and lower panels respectively. The same form factor models as in
Fig.1 are used. Left and right panels are respectively giving the real and imaginary parts
of these amplitudes.
A source of differences between the ZZ and the W−W+ case is the weaker Ztt cou-
plings which lead to a weaker SM (non-H) contribution and therefore a relatively larger
sensitivity to the Htt form factor, both around s ⋍ (m2, m2H′) and higher energy.
But the largest differences come from the ZZ symmetry, which renders the angular
distribution symmetric with respect to θ → π−θ. This leads in particular to the presence
of both forward and backward peaking of the non-H contribution. Both features lead to
a large sensitivity to H exchange in the central domain.
A priori the comparison of the W−W+ and ZZ processes would contribute to the
identification of a possible nonstandard Htt effect.
3Compare Fig.2
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Form factor sensitivity of the dσ(e−e+ → e−e+tτ t¯τ ′)/d cos θ cross sections: The
new point is now that the ZZ process gets large background effects from γγ → tt¯, γZ → tt¯
and Zγ → tt¯ processes which have no H contribution. This background is essentially
dominated by the γγ → tt¯ contribution. It can however be reduced by detecting the final
e−e+ and making an angular cut rejecting their big forward contribution.
In the following illustrations we have taken a background example obtained with a
tentative cut at θ = 0.1. This reduces the background which is then only one order of
magnitude larger than the SM pure ZZ contribution. We thus successively show the
effects in the polarized (Figs.7 and 8) and in the unpolarized (Fig.9) tt¯ cross sections.
Figure 7 presents H-independent cross sections for τ = −τ ′ showing the relative im-
portance of the background contribution.
Figure 8 presents then the H-dependent cross sections for τ = τ ′ showing that the
modifications of the ZZ contributions due to H form factors can nevertheless be observable
(locally in the case of a resonance or in the high energy behavior in the case of an effective
form) even with the presence of the background.
Finally in Fig.9 we present the unpolarized cross sections. The upper panels give
energy dependencies and the lower panels the angular ones. It appears that even in this
unpolarized case, effects of effective or resonance contributions can then be clearly seen,
at the (20%-50%) level with the chosen parameters, mostly in the central angular region.
As in the previous subsection, we have also computed the integrated cross sections for
ZZ +background with the same examples of electron e∓ energy Ee, minimal tt¯ invariant
mass
√
smin and cuts. Thus
• for Ee = 1 TeV and √smin = 2mt or 1 TeV, one gets total (ZZ+background)
integrated cross sections values of 0.92 or 0.023 fb in SM, and 0.92 or 0.031 fb with
the form factor;
• while for Ee = 3 TeV and √smin = 2mt or 1 TeV, one gets integrated cross sections
values of 7.2 or 0.5 fb in SM, and 7.2 or 0.8 fb with the form factor.
These dependencies can also be understood from the shapes of the corresponding
energy dependencies in Fig.9, in particular the large sensitivity to the minimal tt¯ invariant
mass. Although the sensitivity to the form factor effects is weaker than in the WW case,
these ZZ +background results, with 102 to 104 events in a future collider [20], could still
correspond to observable situations.
Of course these illustrations just correspond to arbitrary examples. Detection charac-
teristics should be adapted to the real observations.
5 Final comments and possible developments.
We have shown what could be the effect of a Htt form factor on the energy and angular
dependencies of the amplitudes and cross sections of the W−W+ → tt¯ and ZZ → tt¯
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fusion processes, especially when identifying the final tt¯ polarizations.
For the illustrations we have taken simple expressions of form factors, for example
arising from common constituents of the Higgs boson and the top quark. We have chosen
effective expressions satisfying normalization constraints and leading to acceptable high
energy behavior of the amplitudes. For comparison we have also shown the spectacular
effect generated by a new resonance form.
By using the relevant LEWA functions of [6, 7, 10] we have seen how the above
sensitivity of the W−W+ → tt¯ and ZZ → tt¯ subprocesses is transmitted to the e−e+ →
νν¯tt¯ and e−e+ → e−e+tt¯ cross sections. For the ZZ case we have added the background
contributions of the γγ → tt¯, γZ → tt¯, Zγ → tt¯ subprocesses which do not contain H
effects. This background can be reduced by applying angular cuts to the detection of the
final e−e+.
A large sensitivity to the Htt form factor is observed in the energy and angular de-
pendencies of these cross sections. With the expected values of the future colliders energy
and luminosity, a large number of events is expected leading to a good observability of
the form factor effects. Measurements of the final tt¯ polarizations would increase this
sensitivity and help for the identification of the origin of a possible departure from the
SM predictions.
Applications to LHC may also be considered with W−W+ → tt¯ and ZZ → tt¯ fusion,
after emission of W and Z by q and q¯ partons; but there are many other subprocesses
creating tt¯ pairs which will overwhelm these fusion ones. Involved sets of detection fea-
tures may help to separate them, but this is beyond our competence.
Appendix: The helicity amplitudes Fλ,λ′,τ,τ ′(s, θ)
The usual Dirac spinor decomposition is made for τ, τ ′ helicities of the top and antitop
with momenta pµ = (p0t , pt sin θ, 0, pt cos θ) and p
′µ = (p0t ,−pt sin θ, 0,−pt cos θ):
u¯(p, τ) =
√
Et +mt(χ
+
τ , −2τrtχ+τ ) , vT (p′, τ ′) = −
√
Et +mt(rtχτ ′ , −2τ ′χτ ′) , (A.1)
with
rt =
pt
Et +mt
, χ++ =
(
cos
θ
2
, sin
θ
2
)
, χ+− =
(
− cos θ
2
, sin
θ
2
)
. (A.2)
For the No.1 gauge boson according to the standard Jacob-Wick (JE) convention [11]
V = W−, Z, with momentum lµ = (l0, 0, 0, l), the transverse and longitudinal polarization
vectors are respectively given by
ǫµ(l, λ) =
(
0,
−λ√
2
,
−i√
2
, 0
)
, ǫµ(l, 0) =
(
l
mV
, 0, 0,
l0
mV
)
, (A.3)
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while for the No.2 V ′ = W+, Z, with momentum l′µ = (l0, 0, 0,−l), the corresponding
polarization vectors are
ǫ′µ(l′, λ′) =
(
0,
λ′√
2
,
−i√
2
, 0
)
, ǫ′µ(l′, 0) =
( −l
mV
, 0, 0,
l0
mV
)
. (A.4)
The contributions to the helicity amplitudes are of three kinds (see Sec. II).
• u- and t-channel exchange.
For W−W+ we only have u-channel bottom exchange leading to
AWWu → −
e2g2LWtb(Et +mt)
2(u−m2b)
{T 1Lu + T 2Lu + T 3Lu } , (A.5)
while for ZZ we have both u-channel and t-channel top exchange leading to
AZZu → −
e2(Et +mt)
2(u−m2t )
{g2LZt (T 1Lu + T 2Lu + T 3Lu )
+g2RZt (T
1R
u + T
2R
u + T
3R
u ) + g
L
Ztg
R
ZtT
0
u} ,
AZZt → −
e2(Et +mt)
2(t−m2t )
{g2LZt (T 1Lt + T 2Lt + T 3Lt )
+g2RZt (T
1R
t + T
2R
t + T
3R
t ) + g
L
Ztg
R
ZtT
0
t } . (A.6)
For both W−W+ and ZZ cases these are expressed in terms of
T 1Lu = −2(ǫ′0p0t − ǫ′1pt sin θ − ǫ′3pt cos θ)(1− 2τrt)(rt + 2τ ′)
(
ǫ0δττ ′ +
3∑
k=1
ǫkSk
)
,
T 1Ru = −2(ǫ′0p0t − ǫ′1pt sin θ − ǫ′3pt cos θ)(1 + 2τrt)(rt − 2τ ′)
(
ǫ0δττ ′ −
3∑
k=1
ǫkSk
)
,
T 2Lu = mt(Y11 − Y12)(1 + 2τrt)(rt + 2τ ′) ,
T 2Ru = mt(Y11 − Y12)(1− 2τrt)(rt − 2τ ′) ,
T 0u = −mt[Y11rt(1 + 4ττ ′)− Y12(2τ ′ + 2τr2t )] ,
T 3Lu = (1− 2τrt)(rt + 2τ ′)(X11 −X12) ,
T 3Ru = (1 + 2τrt)(rt − 2τ ′)(X11 +X12) ,
with
Y11 =
(
ǫ′0ǫ0 −
3∑
k=1
ǫ′kǫk
)
δττ ′ − i
[
S1(ǫ′2ǫ3 − ǫ′3ǫ2) + S2(ǫ′3ǫ1 − ǫ′1ǫ3)
+ S3(ǫ′1ǫ2 − ǫ′2ǫ1)
]
,
Y12 = S
1(ǫ′1ǫ0 − ǫ′0ǫ1) + S2(ǫ′2ǫ0 − ǫ′0ǫ2) + S3(ǫ′3ǫ0 − ǫ′0ǫ3) ,
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X11 ∓X12 = l0(ǫ′0ǫ0 +
3∑
k=1
ǫ′kǫk) + l(ǫ′0ǫ3 + ǫ′3ǫ0) + il(ǫ′2ǫ1 − ǫ′1ǫ2))
+S1[il(ǫ′2ǫ0 − ǫ′0ǫ2) + il0(ǫ′2ǫ3 − ǫ′3ǫ2)± l0(ǫ′0ǫ1 + ǫ′1ǫ0)± l(ǫ′1ǫ3 + ǫ′3ǫ1)]
+S2[il(ǫ′0ǫ1 − ǫ′1ǫ0) + il0(ǫ′3ǫ1 − ǫ′1ǫ3)± l0(ǫ′0ǫ2 + ǫ′2ǫ0)± l(ǫ′2ǫ3 + ǫ′3ǫ2)]
+S3[il0(ǫ′1ǫ2 − ǫ′2ǫ1) + l0(ǫ′0ǫ3 + ǫ′3ǫ0)± l(ǫ′0ǫ0 −
3∑
k=1
ǫ′kǫk)± l(ǫ′3ǫ3 + ǫ3ǫ′3)] ,
and
S1 = cos θ(δτ+δτ ′− + δτ−δτ ′+) + sin θ(δτ+δτ ′+ − δτ−δτ ′−) ,
S2 = −i(δτ+δτ ′− − δτ−δτ ′+) ,
S3 = − sin θ(δτ+δτ ′− + δτ−δτ ′+) + cos θ(δτ+δτ ′+ − δτ−δτ ′−) .
For the t-channel contribution the T it terms are obtained from the T
i
u ones, by the
interchanges
u→ t , ǫ→ ǫ′ , l → −l .
• s-channel V = γ, Z exchange, only for WW .
AWWs,V →
e2gV (Et +mt)
2(s−m2V + imV ΓV )
{
− 4ll
0
mW
δλ′0
[
ǫ0δττ ′ +
3∑
k=1
ǫkSk
]
+
4ll0
mW
δλ0
[
ǫ′0δττ ′
+
3∑
k=1
ǫ′kSk
]
− 2lǫ.ǫ′S3
}
.
{
gLV t(1− 2τrt)(rt + 2τ ′) + gRV t(1 + 2τrt)(rt − 2τ ′)
}
.
• s-channel H exchange, for both W−W+ or ZZ
AXXs,H →
2e2gHXXgHttpt
s−m2H + imHΓH
(ǫ.ǫ′)δττ ′ ,
with gHXX = gHWW , gHZZ .
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Figure 1: The shapes of the real parts (left panel) and imaginary parts (right panel) of
the Htt¯ form factors; the crude lines are based on (16) and (17), the effective lines on
(19) and (17) and the resonance lines are based on (20).
17
Figure 2: Energy dependence of the H-insensitive tree-level SM amplitudes forW−λ W
+
λ′ →
tτ t¯τ ′ . Upper panels are for the HC amplitudes of (23), and lower panels are for the HV
ones of (24) at θ = 60◦. Left panels present TT amplitudes, while right panels involve
amplitudes containing at least one longitudinal W .
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Figure 3: The SM results and the effects of the anomalous Htt form factor on the form
factor sensitive amplitudes W−λ W
+
λ′ → tτ t¯τ ′ listed in (25). real (imaginary) parts are
shown in the left (right) panels respectively. The definition of crude STS, effective and
resonance form factor models, as in Fig.1.
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Figure 4: dσ(e−e+ → νν ′tτ t¯τ ′)/d cos θ cross sections. The upper panel gives energy
dependencies for (left-right) and (right-left) tt¯ helicities, while middle panels for (left-
left) and (right-right) tt¯ helicities, always at θ = 60◦. The lower panels give energy (at
θ = 60◦) and angular (at
√
s = 1TeV) dependencies when tt¯-helicities are not observed.
The contribution from the H form factors of the three cases of Fig.1, exist only for the tt¯
polarizations contributing to the middle and lower panels.
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Figure 5: Energy dependence of the H-insensitive tree-level SM amplitudes for ZλZλ′ →
tτ t¯τ ′ at θ = 60
◦. Upper panels are for the HC amplitudes in (26) and lower panels are for
the HV ones in (27).
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Figure 6: The SM results and the effects of the anomalous Htt form factor on the
sensitive to it amplitudes ZλZλ′ → tτ t¯τ ′ listed in (28). Real (imaginary) parts are shown
in the left (right) panels respectively. The definition of crude STS, effective and resonance
form factor models, as in Fig.1.
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Figure 7: Energy dependencies of the differential cross sections for dσ(e−e+ →
e−e+tτ t¯τ ′)/d cos θ at θ = 60
◦. The ZZ intermediate state, the background induced by
anything non-ZZ, and the complete result denoted as ”total” are separately given. The
left (right) panel corresponds to τ = −τ ′ = −1/2 (τ = −τ ′ = +1/2) and they both
contain no H contribution.
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Figure 8: Differential cross sections as in Fig.7, with upper and lower panels respectively
corresponding to τ = τ ′ = ±1/2 and both receiving H form factor contributions (see
Fig.1) modifying the ZZ (left) and the ”total” (right) panel results.
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Figure 9: Energy dependencies at θ = 60◦ (upper panels) and angular dependen-
cies at
√
s = 1TeV (lower panels) of the unpolarized differential cross sections for∑
ττ ′ dσ(e
−e+ → e−e+tτ t¯τ ′)/d cos θ. The ZZ intermediate state, the background induced
by anything non-ZZ, and the complete result indicated as ”total” are separately given in
SM and after including the H form factor (see Fig.1) contribution.
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